Allergic asthma is a complex disease characterized by eosinophilic pulmonary inflammation, mucus production and reversible airway obstruction 1 . Exposure to indoor allergens is a risk factor for asthma, but this disease is also associated with high household levels of total and particularly Gram-negative bacteria 2 . The ability of bacterial products to act as adjuvants 3 suggests they might promote asthma by priming allergic sensitization to inhaled allergens. In support of this idea, house dust extracts (HDEs) can activate antigen-presenting dendritic cells (DCs) in vitro and promote allergic sensitization to inhaled innocuous proteins in vivo 4 . It is unknown which microbial products provide most of the adjuvant activity in HDEs. A screen for adjuvant activity of microbial products revealed that the bacterial protein flagellin (FLA) stimulated strong allergic airway responses to an innocuous inhaled protein, ovalbumin (OVA). Moreover, Toll-like receptor 5 (TLR5), the mammalian receptor for FLA 5, 6 , was required for priming strong allergic responses to natural indoor allergens present in HDEs. In addition, individuals with asthma have higher serum levels of FLA-specific antibodies as compared to nonasthmatic individuals. Together, these findings suggest that household FLA promotes the development of allergic asthma by TLR5-dependent priming of allergic responses to indoor allergens.
To investigate the ability of microbial products to promote asthmalike responses in mice, we separately instilled individual products into the airway together with the innocuous protein, chicken ovalbumin (OVA). Control mice receiving either OVA alone or microbial products alone did not become sensitized and failed to develop airway inflammation after subsequent challenge with OVA ( Fig. 1a-c and Supplementary Fig. 1a) . However, instillation of some microbial products together with OVA caused the mice to become sensitized to this protein because after a subsequent OVA challenge, inflammatory leukocytes accumulated in the airway (Fig. 1c) . Some mice displayed an allergic form of inflammation, as evidenced by large numbers of eosinophils in the airway (Fig. 1c) . We observed strong allergic responses in mice receiving OVA together with standard FLA (sFLA) from Salmonella typhimurium, a partially purified product that contains lipopolysaccharide (LPS), or a highly purified recombinant FLA (rFLA) produced in insect cells and lacking detectable LPS (see Online Methods for details). Ultrapure LPS, which signals through TLR4, was similar to rFLA in its ability to promote allergic responses ( Supplementary Fig. 1b) , suggesting that impurities in crude preparations of LPS can reduce its potency as an adjuvant.
The clinical features of asthma stem largely from the actions of CD4 + T helper type 2 (T H 2) cells that produce the cytokines interleukin-4 (IL-4), IL-5 and IL-13 and promote IgE synthesis, eosinophilic inflammation and mucus and airway hyperresponsiveness (AHR), respectively. IL-17 production by T H 17 cells also contributes to asthma severity by promoting neutrophil accumulation and AHR [7] [8] [9] . We found that pulmonary IL-4, IL-5, IL-13 and IL-17 ( Fig. 1d) and serum IgE (Fig. 1e) were all elevated in OVA-challenged mice previously sensitized with sFLA plus OVA or rFLA plus OVA. Mucus was present in the lungs of most mice that showed eosinophilic responses, but it was generally restricted to the large airways. However, mice sensitized with sFLA plus OVA also had mucus in preterminal and terminal bronchioles (Fig. 2a,b) . Invasive measurements of airway resistance revealed that mice sensitized with either sFLA plus OVA (Fig. 2c) or rFLA plus OVA (Fig. 2d) developed strong AHR after a single OVA challenge, whereas mice sensitized to LPS plus OVA developed only modest AHR (Fig. 2c) . Mice sensitized with OVA together with either sFLA or rFLA also displayed inflammation and AHR after OVA challenge on seven consecutive days ( Supplementary  Fig. 2a,b) . T cells from lung-draining lymph nodes of these mice produced the Th2 cytokines IL-4, IL-5 and IL-13, as well as the Th17 cytokine IL-17, after restimulation with OVA ex vivo (Fig. 2e) . Also, intracellular staining of CD4 + T cells from the lung revealed that they contain IL-13 and IL-17 ( Fig. 2f and Supplementary Fig. 2c ), confirming that inhaled FLA promotes T H 2 and T H 17 cell differentiation in adult mice.
Unlike highly purified rFLA, sFLA contains only 10% FLA and is contaminated with LPS (see Online Methods for details). However, Tlr4 −/− mice were readily sensitized to OVA when sFLA was used as an adjuvant, as evidenced by airway eosinophil accumulation in the airway following subsequent challenge with OVA (Fig. 3a) . By contrast, Tlr5 −/− mice, which cannot respond to extracellular FLA 6 , had significantly lower levels of airway eosinophils and IL-5 than wild-type (WT) mice and showed a trend toward lower airway The Toll-like receptor 5 ligand flagellin promotes asthma by priming allergic responses to indoor allergens IL-17 and serum IgE (Fig. 3a,b ) By contrast, numbers of airway neutrophils were lower in Tlr4 −/− mice than in WT mice, suggesting that LPS contributed to the T H 17 response. The reduced allergic response of Tlr5 −/− mice sensitized with OVA plus sFLA was not due to a general immune deficit in these animals because, unlike Tlr4 −/− mice, the Tlr5 −/− mice were readily sensitized to OVA when we used LPS as an adjuvant (Supplementary Fig. 3 ). The inflammasome-associated molecule NLR family CARD domain-containing protein 4 (Nlrc4) responds to intracellular FLA 10,11 , but we found that Nlrc4 −/− mice were efficiently sensitized by OVA-FLA and developed strong allergic responses to subsequent OVA challenge ( Supplementary Fig. 4 ). By contrast, similarly treated mice lacking myeloid differentiation factor 88 (Myd88), an adapter protein used by all TLRs except TLR3, had virtually no eosinophils, neutrophils or inflammatory cytokines in the lung after sensitization with OVA plus rFLA and challenge with OVA (Fig. 3a,b) . Together, these data suggest that although multiple microbial products contribute to the adjuvant activity of sFLA, the primary adjuvant component in this preparation is FLA. This is consistent with our finding that rFLA, which lacks detectable LPS, can prime allergic responses. In addition to monomeric FLA, airway instillations of heat-killed Pseudomonas aeruginosa (PA01), a ubiquitous flagellated strain of bacteria, also primed allergic responses to OVA, whereas a similar strain lacking FLA (PA01∆fliC) was significantly less effective at stimulating airway eosinophilia and IgE (Fig. 3c) . Thus, multiple forms of FLA can prime allergic responses to inhaled OVA.
The two major DC populations in the lung (CD103 + and CD11b hi ) 12 expressed low but detectable levels of Tlr5 RNA ( Supplementary  Fig. 5a ). Alveolar macrophages expressed intermediate levels, and airway epithelial cells expressed the highest levels of Tlr5 mRNA. To investigate the requirement of different FLA-responsive cell compartments during allergic sensitization, we used WT and Tlr5 −/− mice to generate reciprocal bone marrow-chimeric mice (Supplementary Fig. 5b ). WT mice receiving WT marrow showed the strongest eosinophilic responses to rFLA-OVA sensitization and OVA challenge. Compared to these animals, WT mice receiving Tlr5 −/− marrow, as well as Tlr5 −/− mice receiving WT marrow, had lower numbers of eosinophils, although this difference did not reach statistical significance (Fig. 3d) . Tlr5 −/− mice receiving marrow from Tlr5 −/− mice had almost no eosinophilic inflammation (Fig. 3d) . This suggests that Tlr5 expression in radiosensitive hematopoietic cells and radio-resistant structural cells contributes to FLA-mediated allergic sensitization, in agreement with a previous report 13 . Mice in which Myd88 expression is restricted to Cd11c-expressing cells 14 did not become sensitized to OVA when we used rFLA as an adjuvant (Fig. 3e) , although CD11c + cells prepared from lungs of these mice were able to respond to FLA, as evidenced by production of tumor TLR  TLR4  TLR1 and TLR2  TLR3  TLR9  TLR2 and TLR6  TLR7  TLR5  TLR5 L P S P a m 3 c s k 4 P o ly Fig. 5c ). Thus, FLA responsiveness in DCs and alveolar macrophages is not sufficient for FLAmediated allergic sensitization through the airway. Previous reports have indicated that the airway epithelium contributes to innate immune responses to FLA 15, 16 and to LPSmediated T H 2 responses by rapidly releasing proinflammatory cytokines 17 . We found that the amounts of IL-25 and IL-33 in the airway were strongly increased within 2 h of rFLA instillation, whereas amounts of thymic stromal lymphopoietin (TSLP) increased within 4 h of treatment compared to those in PBS-treated animals (Fig. 3f) . We also observed increased amounts of TSLP in supernatants of rFLA-treated primary airway epithelial cells from WT mice, but not in their Tlr5 −/− counterparts (Fig. 3g) . No increases were seen for IL-25 or IL-33 in these primary cell cultures (data not shown). Together, these results suggest that FLA might promote allergic sensitization to inhaled allergens by inducing secretion of proinflammatory cytokines by epithelial cells.
Having found that multiple forms of FLA can function as strong adjuvants in the airway, we next tested whether FLA is a naturally occurring, environmental adjuvant. Common house dust represents a readily available source of airborne material that is inhaled daily. Several different HDEs promoted allergic responses to inhaled OVA, although they differed in potency (Fig. 4a) . Western blot analysis ( Fig. 4b and Supplementary Fig. 6a ) revealed immunoreactive proteins within the expected molecular weight range of FLA, from 30 kDa to 65 kDa 18 . The two major bands observed might represent FLA from different species of bacteria or different forms of FLA from a single species. To determine the individual contributions of LPS and FLA to the adjuvant activity of HDEs, we examined HDE-mediated allergic responses to OVA in Tlr4 −/− and Tlr5 −/− mice. After sensitization with HDE plus OVA, followed by OVA challenge, Tlr4 −/− mice had fewer airway neutrophils and showed a trend toward lower concentrations of IL-17 in bronchoalveolar lavage fluid (BALF) compared with WT mice (Fig. 4c and Supplementary Fig. 6b) . However, numbers of airway eosinophils and the concentration of IL-5 in BALF were not lower in Tlr4 −/− mice compared with WT mice (Fig. 4c  and Supplementary Fig. 6b ), indicating that, for this extract, LPS is dispensable for HDE-mediated eosinophilic airway inflammation but is required for neutrophilic airway inflammation and might contribute to AHR. By contrast, Tlr5 −/− mice had fewer airway eosinophils (Fig. 4c) and had lower concentrations of IL-5 than did WT or Tlr4 −/− mice (Supplementary Fig. 6b ). WT and Tlr4 −/− mice sensitized with HDE plus OVA developed AHR after OVA challenge, whereas this response was markedly reduced in Tlr5 −/− mice (Fig. 4d) . These findings suggest that FLA is a major component of HDE for priming asthma-like responses to inhaled antigens.
OVA is widely used in animal models of allergic pulmonary inflammation, but it is not a clinically relevant allergen for asthma. Household dust typically contains many allergens, including those derived from dust mites, cockroaches and animal dander. Multiple instillations of HDE alone (without OVA) is sufficient to trigger allergic responses in mice 19 . Each of the seven HDEs we tested contained several allergens, as well as various levels of LPS (Supplementary Table 1) . To determine if LPS and FLA promote sensitization to these natural indoor allergens, we tested responses in Tlr4 −/− and Tlr5 −/− mice to and IL-17 (right). n = 2 for PBS group; n = 3 for OVA + rFLA-treated group. Data are from one of three similar experiments.*P < 0.05; **P <0.01; ***P < 0.001.
npg an HDE (#7) that contained multiple indoor allergens. In WT mice, sensitization and challenge with HDE alone elicited eosinophilic and neutrophilic airway inflammation (Fig. 4e) . However, some of this neutrophilic inflammation was due to innate immune responses to LPS, because WT mice, but not Tlr4 −/− mice, displayed airway neutrophil infiltration after only a single HDE instillation (Fig. 4e,  middle) . By contrast, eosinophil accumulation in the airways of WT mice was dependent on adaptive immune responses because these cells were present only in HDE-challenged mice that had been previously sensitized with HDE (Fig. 4e, right) . Like WT mice, Tlr4 −/− mice had large numbers of eosinophils in the airway after HDE challenge, suggesting that LPS in this extract was dispensable for eosinophilic responses. However, Tlr5 −/− mice had significantly fewer eosinophils in the airway than did WT mice (Fig. 4e, right) . These data suggest that interactions between FLA and TLR5 promote the eosinophilic component of allergic responses to indoor allergens. When sensitized and challenged with HDE, WT mice developed strong AHR (Fig. 4f) , whereas mice exposed to HDE on a single occasion did not develop AHR (Fig. 4f) . These results indicate that adaptive immune responses to HDE are required for AHR. Tlr4 −/− mice also developed AHR after repeated instillation of HDE, although their responses were slightly decreased compared with WT mice. Therefore, LPS in this HDE probably contributes to, but is not essential for, HDE-induced AHR. By contrast, AHR was markedly lower in Tlr5 −/− mice compared to WT mice, again indicating that FLA present in this HDE promotes asthma-like responses to natural indoor allergens. We confirmed these findings using two additional extracts (Supplementary Fig. 6c ). Although the absolute levels of inflammation and AHR varied according the individual HDE used, Tlr5 −/− mice had less AHR or eosinophilia than WT mice for each of the three extracts tested. Tlr5 −/− mice also showed less airway inflammation than WT mice following sensitization and challenge with a preparation of cockroach antigens (Supplementary Fig. 6d) .
We reasoned that if FLA-TLR5 interactions contribute to human asthma, individuals exposed to high amounts of FLA might be at increased risk for developing this disease. We therefore assessed titers of antibodies specific to FLA in sera from humans with mild to moderate asthma as an indirect measure of their exposure to FLA. Compared with age-and gender-matched subjects with healthy airways, subjects with asthma had significantly higher titers of antibodies to FLA ( Fig. 4g and Supplementary Fig. 7a ), suggesting that exposure to FLA might be a risk factor for asthma. An alternative explanation is that antibodies to FLA reflect exposure to bacterial products in general. Individuals with asthma also had slightly higher levels of antibodies to LPS than did control subjects, but this difference did not reach statistical significance (Supplementary Fig. 7b) . When taken together with the reduced eosinophilic and AHR responses of Tlr5 −/− mice to HDE-mediated allergic sensitization, our data suggest that environmental FLA participates directly in priming allergic responses to indoor allergens.
The relationship between allergic asthma and TLR signaling is complex. Whereas some studies have found that exposure to LPS protects against the development of asthma [20] [21] [22] , others have found that LPS levels positively correlate with asthma 23, 24 . These contradictory conclusions might be due to differences in timing or amounts of LPS, which can affect the nature of immune responses 25 . Recent evidence suggests that gene-environment interactions can also have an impact on the effect of TLR ligand exposure on allergic asthma [26] [27] [28] . Although several polymorphisms have been identified in the human TLR5 gene 29 , it remains to be determined whether gene-gene or gene-environment interactions also affect the relationship between FLA exposure and allergic asthma.
Previous reports have shown that, depending on the experimental setting, FLA can prime T H 1 responses 30, 31 WT Tlr4 35 . Although the evolutionary benefit of FLA-mediated eosinophilic responses in the airway is unclear, eosinophils are reported to promote clearance of some bacteria 36 .
There is no known single structural feature that is common to all allergens. Some possess protease activity, whereas others possess carbohydrate moieties, bind lipids or interact with a TLR signaling complex 37, 38 . It is currently unknown whether FLA can promote sensitization to all allergens residing in house dust or only to a subset of them. Future studies that address the relationships between FLA, allergens and other TLR ligands should improve understanding of how various environmental exposures impact affect initiation of allergic responses that ultimately lead to allergic asthma.
METHODs
Methods and any associated references are available in the online version of the paper.
